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INTRODUCTION
The importance of iron in human metabolism was probably
first recognised in 1661 when Sydenham noted the efficacy
of iron therapy in chlorosis. Later, Lemery and Geoffry
(1713) discovered that the element was a characteristic
constituent of blood and in 1842 Andral, Gavaret and
Delafond observed that the number of red blood cells
increased following the medicinal use of iron. However, it
is only during the la3t eighty years that a general picture
of the biochemical pathways of iron metabolism has been
developed.
During this period extensive studies have been made
on the iron metabolism in humans and animals under normal and
pathological conditions. Many of the more recent investig-
v
ations have been facilitated by the use of the radio-active
isotopes of iron, 55pe and 59pe# The results of the
majority of such experiments, which have been reviewed by
Hahn (1937), Granick (1946), Pirrie (1950) and Drabkin (1951)
are consistent xjith a general outline of iron metabolism
which may be summarised as in Figure 1=
Iron is absorbed into the plasma through the wall of
the gastrointestinal tract. In the plasma the iron is
transported in combination with the plasma globulin,
siderophilin or transferrin, and may be taken up directly
by erythrocyte precursors in the bone marrow (Austoni, 1954
Jandl, Inman, Simmons and Allen, 1953) and incorporated
into haemoglobin, used in tissue cells for the synthesis
of other haem containing materials., such as the cytochrome
enzymes, catalase and myoglobin, or stored in these cells,
notably in the liver, until required.
The iron liberated during the breakdown of haemoglobin
is reutilized or stored (Hahn, Granick, Bale and Michaelis,
1943; West, Hahn, Clark and Chsppelle, 1952). No more
than 1-1.5 mg./day is lost from the body of an adult
normal man (McCance and Widdowson, 1937; Dubach, Moore
and Callender, 1949).
The quantitative distribution of iron in normal man
and in the rat i3 roughly illustrated in Table 1.
The amount of iron in the body appears to be
regulated by the degroe of absorption as very little iron
is lost in the urine and very little excreted into the
lower intestinal tract (Greenberg, Copp and Cuthbertson,
1943). The amount of iron absorbed daily, which is
normally only 5-10fc of the dietary iron (Moore, Dubach,
Minieh and Roberts, 1944) is, in man, practically equal
to the daily excretion.
Although the plasma contains a minute portion of
the total body iron, changes in the concentration of
plasma iron and the turnover rate of 59Fe labelled plasma
can be of clinical value (Huff, Hennessy, Austin, Garcia,
Roberts and Lawrence, 1950; Beutler, 1957). Normally
the iron binding capacity
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of the plasma protein is only 25-50% saturated (Laurell, 1947;
lath and Finch, 1949).
The metabolism of haemoglobin iron is the most important
from both a quantitative and biological point of view. 0.1%
and 1.0$ of the total body iron in man and rat respectively
is used daily for haemoglobin synthesis and approximately
70$ of the body iron is in the form of circulating red cell
haemoglobin.
As the percentage of the total body iron present in
myoglobin, cytochromeC and catalase is extremely low, the
metabolic activity of this iron has been neglected in the
present investigations.
Between 20% and 35$ of the total body iron is present
:.n the organs in the form of non-haem material. This
material has attracted the attention of histologists and
biochemists for many years and hs.s stimulated much research,
the results of which are fascinating but incompletely
understood.
The Iron Storage Materials
Between 1870 and 1880 several investigators (Perls, 1867;
Nasse, 1873) reported the finding of deposits, rich in iron,
in normal and pathological tissue. These deposits were
visible as granules under the microscope and stained blue
with potassium ferrocyanide. This material was called
haemosiderin by Neumann(1888).
The occurrence of large deposits of haemosiderin in the
organs is termed haemosiderosis. This condition is
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associated with abnormalities in metabolism which result in
excessive haemolysis of red cells, excessive absorption of
iron from the diet or which necessitate multiple blood
transfusions. As in the case of haemolytic anaemia, all
three effects may be involved in the production of the
siderosis.
Haemosiderosis is also characteristic of haemochromatosisv
a heritable disease, in which it is accompanied by cirrhosis
of the liver, fibrosis of other tissues and malfunction of
many organs, notably the pancreas and reproductive organs
(Sheldon, 1935; Finch and Finch, 1955; McAllen, Coghill
and Lubran, 1957).
That this stainable, iron-rich material is a form of,
stored iron is indicated by the observation that the iron
can be utilized for haemoglobin synthesis (Davis and
Arrowsmith, 1950; Hampton, 1954; Shoden, Gabrio and Finch,
1953;Brown et al.1957: Kaldor, 1958), that the concentration
of haemosiderin in theliver and spleen of haemochromatosis
patients is lowered during treatment by venesection (Finch,
1949) and that the marrow haemosiderin concentration is low
in anaemia (Rath and Finch, 1948; Stevens, Coleman and
Finch, 1953; Kaplan, Guelzer and Mouriquand, 1954).
Haemosiderin is an apparently insoluble material and
its isolation involves concentration and purification of
insoluble tissue residues. Cook (1929) isolated
haemosiderin by removing the tissue by alkaline digestion.
5
He extracted the remaining granules with dilute acid and
analysed the pigment solution. The pigment consisted of
iron, hydrogen and oxygen and thus led him to suggest
that haemosiderin consisted of organic granules impregnated
with ferric oxide.
Behrens and Asher (1933) prepared samples of haemo¬
siderin by fractional sedimentation of dried.powdered,horse
spleen in organic liquids and the results of analysis
of nitrogen, iron and ash are similar to those of Ludewig
(1957). However the concentration of phosphorus, soluble
protein and colloidal iron compounds were different.
Ludewig (1957) described a method for the isolation
of haemosiderin based on the sedimentation of the material
from salt solutions of different specific gravities. The
residues, prepared in this way, were analysed for iron
phosphorus, nitrogen and carbohydrate. The analyses
showed that the concentration of iron varied from 25-40%
of the dry weight and that hexosamine, galactose, mannose
and fucose were present.
That iron was also present in the tissues in a form,
distinct from haemoglobin or other haem forms of iron, which
was not visible under the microscope and was not stainable
with potassium farrocyanide, wa3 recognised by Zaleski
(1386) and Schmiedeberg (1394) and was termed ferritin.
In 1937 Laufberger isolated this iron containing material,
which
T&bJLoJLe
*Distributlon of Iron in Han trnd Rat and Turnover Rate of
Haemoglobin Iron
Source of iron Total weight of iron % of Total iron
Man Rat Man Rat
g. rag. % %
circulating
red cells 3.1 9.0 70.0 62.0
myoglobin 0.14 0.4 3.15 2.76
cytochrome C)
catalase ) 0.008 0.06 0.13 0.41
transferrin 0.003 0.02 0.02 0.14
storage cpds. 1.2 5.0 27 34.2
Total 4.45 14.5 100.35 99.51
rag./day % Total/day
absorption 0.5-1.0 ? 0.02 ?
loss in urine 1.0 low 0.02 low
loss through
intestinal wall low low low low
iron required for
haemoglobin
synthesis 25-30 0.13 0.7 0.9
*The values for the distribution of iron in man are compiled
from results of Drabkin (1951); Bruckmann and Zondek (1939)
Hoskins, Stevens, Finch and Finch (1952). The
concentrationsof iron in rat catalase, cytochromes and
myoglobin are taken from Drabkin (1951). The
distribution of iron in the rat is typical of results of
analyses on livers, spleens and kidneys of normal rats
used in the present investigation and includes an
estimate of iron present in other organs analysed by
Austoni, Rabinovitch and Greenberg (1940).
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was soluble in water and dilute salt solution and which
he called ferritin.
A comparative analysis of ferritin and haemosiderin
is given in Table 2.
Ferritin can be isolated readily from horse spleen
by heat coagulation of most of the tissue proteins at 80°C
and precipitation of the ferritin by 50$ saturation of the
supernatant fluid with ammonium sulphate. It is an
inhomogeneous substance containing a homogeneous protein,
apoferritin, associated with a salt of iron. Both ferritin
and apoferritin can be crystallised with cadmium ions.
The concentration of iron varies from 17-23$ of the dry
weight and it is this variability which results in the
inhoraogeneity of ferritin*
The iron is present in some form of basic ferric
phosphate which is given the empirical formula
[ (FeOOH^FeOPO^p)] (Qranick, 1946), Ferritin appears
to exist in two forms, only one of which forms crystals
with cadmium ions, but the relative importance of the
non-crystallisable fraction and its physiological r61e are
not known. Under the electron microscope this material
i3 indistinguishable from ferritin (Farrant, 1954) and,
also, addition of apoferritin to the supernatant fluid
from the precipitation of the cadmium complex of
ferritin results in a further precipitation of iron
containing material (Granick and Michaelis, 1943)*
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Farrant (1954) suggests that the structure of the non-
cryatallisable ferritin i3 imperfect in some way which
prevents crystal formation.
That ferritin too can be regarded as an iron storage
substance was recognised in 1943 (Hahn, Granick, Dale and
Michaelis, 1943) when it was shown that ^Fe injected into
rats could be found in the ferritin fractions of the tissues.
Like haemosiderin, the iron in ferritin can be utilised for
haemoglobin synthesis (Hampton, 1954) and iron released
from cells in phenylhydrazine-induced haemolysis is found
in ferritin (Hahn, Granick, Bala and Michaelis, 1943).
Although at present ferritin and haemosiderin fire
accepted as the main forms of storage iron, there has been
an isolated report from Heilmeyer (1953) that his colleague
Wflhler has shown the presence of a non-ferritin, non-
haemosidcrin, non-haem iron-containing material in ma: y
tissues. The metabolic importance of this is not known.
That ferritin and haemosiderin are chemically related
has been suggested by the observations of some workers using
the electron microscope (Farrant, 1954; Kuff and Dalton,
1957). Ferritin appears from these studies to consist of
micelles, 55 $ in diameter, imbedded in less dense material.
These investigators believe the micelle to consist of four
iron-rich particles arranged in a square, planar pattern.
However, observations made by Kerr and Muir (i960) suggest that
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the micelle is composed of six iron-rich particles arranged
at the points of a regular octahedron.
The structure of haemosid erin is not so clear. Ludewig
(1957) found that his huemosiderin preparations had no
crystalline structure but Schwietaer (1953) concluded,
from his X-ray diffraction pictures, that the iron in
haemosiderin is in the form of an oxide of iron identical
vdth that of certain minerals. Recently, however, Richter
(1958) came to the conclusion that ferritin i3 probably
a component of haemosiderin as, in the electron-dense
haemosiderin granules were particles corresponding in
size and internal structure to the iron micelles in
ferritin.
This chemical relationship is also indicated by the
fact that Greenberg (cited by Ludewig, 1957) was able to
precipitate apoferritin with cadmium ions from his
preparations of haemosiderin. As this haeraosiderin had
been subjected to several stages of purification it would
appear that the apoferritin was very closely associated
with the haemosiderin. One of the several possible
explanations of this relationship between the two
materials could be that haemosiderin is an aggregate
of ferritin particles (Shoden, Gabrio and Finch, 1953).
To what extent haemosiderin and ferritin are related in
their raeta- olic activities has been a subject of
investigation by Shoden et al. (1953), Hampton (1954)
and Kaldor (1958).
Shoden et al.(1953) studied the distribution in rabbits
of subcutaneous injections of ^9Fq before and after the
injection of large doses of saccharated oxide of iron. In
four cases anaemia was induced by injection of phenyl-hydra¬
zine. The distribution of the ^9pe between ferritin and
haeraosiderin was studied in the livers of these animals
by determination of the radio activity of the iron in the
total non-haem iron of the tissue and in a ferritin-rich
fraction of the tissue. The haemosiderin radioactivity was
determined by subtraction of the two values.
Although few experiments were performed, it appeared to
those workers that ferritin and haemosiderin were functionally
indistinguishable. This observation was based on the
results of studying the utilization of the storage iron by
the anaemic animals. However, the results of analyses
on the liver in two of the siderotic rabbits showed that,
over a period of 14 days after the injection of 59Fe, the
percentage of the -^Fe in the liver in the form of ferritin
fell from 93.2% to 91.7% and that in the form of haemosiderin
rose from 2,6% to 8,3%. Thus the ferritin appeared to take
up the 59fg from the plasma more rapidly than the haemosiderin.
On the basi3 of measurements of the distribution of the
unlabelled storage iron in normal arid siderotic rat livers,
Shoden stated that the observations were "consistent with the
concept that haemosiderin represents on aggregate of ferritin
molecules and that the tendency for aggregate formation is
increased with increased cell iron".
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Hampton (1954) found that the amount of intravenously
injected radioiron which appeared in the ferritin fraction
of the livers of normal mice seemed to be determined by the
initial size of that fraction. However, the haemosidorin
fraction of siderotic mice livers accumulated the same
amount of the injection as the liver haarnosiderin from
control animals#
Kaldor (1953) measuredthe concentration of iron in the
h&emosiderin by analysis of the tissue residues after
extraction of the ferritin. He determined the distribution
of the iron in the haeraosiderin a;:d ferritin of livers and
spleens in normal rabbits, rats and mice, in rats of
diflerent ages and sex, in rats in which the iron concentration
in the organs was raised above normal and in mice in which
haemolysis had been induced with phenyl-hydrazine. From
his results there appears to be little effect on the distrib¬
ution of iron by alteration in the iron concentration.
The Present Problem
The degree of this interesting but unexplained physiologf-
ical relationship between these two storage forms of iron
appeared to warrant further study. Experiments were there¬
fore designed to investigate, if possible, the relative
behaviour of ferritin and haemosiderin in the uptake of
tracer amounts of 59Fe presented to the tissues by
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subcutaneous injection of high specific activity 59Fe.
The white rat is an animal suited to the study of such
a problem in so far as the iron distribution and low
excretion rate are similar to those in man (Table 1 )♦
The liver of the normal, adult, male laboratory rat
contains little or no haemosiderin and therefore, in order
to study the relative behaviour of ferritin and haemosiderin,
it v/as necessary to make these animals siderotic.
Although this can be dona by feeding the animals a
low protein (Kinney, Hegsted and Finch, 1949) or low
protein, high fat(Kaufmann, Klavins and Ki ney, 1958) and
high iron diet these methods were rejected as unsuitable for
they are time-consuming and obviously such unbalanced diets
over a long period would probably cause other abnormalities
not associ ited with high iron deposits#
Since the early work of Poison (1998) many investigators
whose experiments were reviewed by Brown et al.. (1957) have
produced siderosis in animals by the parenteral adninistratio
of iron in the form of unionised complexes with carbohydrate
derivatives. Preliminary experiments in the present
investigation showed that subcutaneous injection of Imferon
(Bengers) , an iron-dextran complex (Martin, Bates, Beresford,
Donaldson, McDonald, Dunlop, Sheard, London and Twigg, 1955)
was weLI tolerated by the laboratory rats, although this
material is primarily intended for intramuscular injection.
12
Four weeks prior to the injection of the isotope the
rats were therefore given a single injection of 100 ng. of
iron in the form of Imfcron, The effect of these injections
was to produce a moderate histological siderosis associated
with a marked rise in the iron concentrations of the tissues
analysed. The prepared animals were killed at intervals
of from 1 to 98 days after the injection of 3-5 jic ^Fe as
ferric citrate. A few normal rats were also injected with
the isotope in order to relate certain of the experimental
results with those of other workers.
The plasma and whole blood were analysed for iron raid
|for the radioactivity of this iron. The concentration and
'
radioactivity of the total non-haem iron (TNHI) in liver,
spleen and kidney were determined and these tissues also
ected to a fractionation which produced a ferritin-rich,
aemosiderin-free fraction. This fraction was also analysed
'
for the concentration and radioactivity of the iron in it.
Because existing methods (Cook, 1929; Ludewig, 1957)
for the isolation of haemosiderin are unsuitable for routine,
quantitative analysis and because there seemed to be no hope
of modifying them successfully, haemosiderin iron and its
specific activity were determined by calculation from the
difference between the analytical figures for the THHI and the
ferritin-rich fraction.
h
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The analyses on the tissue iron were made in suoh a
mariner that interference from iron present as haemoglobin
was almost entirely eliminated* All the analyses were
designed so that, where possible, the iron concentrations
and radioactivity determinations were made on the same
aliquot of an extract which contained the non-haem iron
of the tissue fractions..
It was thus necessary to have methods to determine the
specific activity of iron in plasma, in circulating red cells,
in the non-haemoglobin iron fraction of liver,spleen and
kidney and in the ferritin-rich fractions of such tissues.
Although existing methods -«re examined it proved
necessary to develop new ones which are described in detail,
as the method for the determination of 59Fq may prove to
be of general value*
AllhJi.S
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METHODS
I* Remove 9? aqd Appargfog
With the exceptions of acetic acid and ammonium
sulphate, Analor reagents were found to bo sufficiently
low in iron content as to require no further purification.
Methods for the purification of the acetic acid and
ammonium sulphate are given in Appendix i, p. 75. All
apparatus used was washed by the method recommended by
Ramsay (1957). This was found to be adequate for the
removal of any radioactive iron present which could
interfere in subsequent analysis.
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II, The Determination of Total Iron in Whole Blood and Plasma
The degree of uptake of 59Fq into the circulating
haemoglobin and plasma was calculated in order to compare
the distribution of the isotope between tho storage,
haemoglobin and plasma iron of tho sidorotic animals with
that of normal animals*
The methods used were slightly modified versions of
Ramsay's for the determination of tho iron in circulating
red cells (Ramsay, 1953) end plasma (Ramsay, 195?), Tho
composition of the 2-5-^dipyridyl reagent was altered in
such a way that the pH and dipyridyl concentration
wore lower than in that used by Ramsay, Such changes
wore found to bo essential for the subsequent deter ination
of the radioactivity of the iron-dipyridyl complex (p. 34 ).
The procedures finally adopted are described below.
Blood (0#02ral,) in 1ml, water was heated for 30
seconds in a boiling water bath to destroy oafcalase
activity. Hydrogen peroxide (0,2ral» of HoOj in 1%
acetic acid) was added and the tube heated for 10 minutes.
During thin time the pigment wan destroyed ad tho
mixture turned a very pale yellow. Without cooling,
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0.5ml. 1.5M sodium sulphite solution and 2ml. 0.05%
2-2^dipyridyl in 10% acetic acid were added and the tube
heated for a further 15 minutes, to ensure complete
development of the soluble,pink ferrous dipyridyl complex.
After cooling the liquid was diluted to 7.5ml., mixed
and centrifuged. An aliquot of 5ml. was removed and
the optical density measured at 520m^i in a 5"ikn tube.
These tubes, previously selected as being suitable for
optical measurements at a wavelength of 520mp in a
UnicamSB 350 D.G. spectrophotometer,were used in all
iron determinations.
A aeries of twelve analyses on one sample of blood gave
a mean optical density value of 0.188, S.D.:±0.004.
peternflnatipB of Iron plppm^ (Ramsay, 1957)
Plasma (2.5ml.) was heated in a boiling water bath
for 5 minutes with 2,5ml. 0.15M sodium sulphite solution
and 2.5ml. 0.05% 2-2-^dipyridyl in 10% acetic acid. The
mixture after cooling was shaken vigorously with 1ml.
chloroform to facilitate subsequent separating of the
proteins. The tube was then centrifugad and the optical
density of 5ml. supernatant fluid determined at 520mp.
A series of twelve analyses on one sample of plasma
gave a mean optical density value of 0.105, S.D.± 0.001.
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III. Thq> Determination of tfre To 1^1 Non libera ?ron (T .HI)
In Tissues
A source of error and Investigation of early methods
A satisfactory method for the determination of
non-haem iron in tissues must avoid interference from
contaminating haemoglobin and cellular haem pigments.
Available figures (Drabkin, 1951) suggest that myoglobin
and the cytochromes are unlikely to account for the presence
of more than 0.2mg. iron /lOQg, and that this iron is
probably not subject to rapid metabolic exchange (Theorell,
1951). These pigments have therefore been ignored in
this work. Residual blood, however, in tissues which
have not been perfused, may add as much as 4-5 mg./lOOg.
to the total concentration of iron. Such a concentration
is a potential source of error when the degree to which
haemoglobin becomes "labelled" with 59Fe in isotopic
experiments is considered,
A normal adult rat, receiving 10^ counts of ^Fe,
incorporates this iron into the circulating haemoglobin
to the extent of about 50% in 7 days. In a similar period
the NHI of the kidneys incorporates aboutl%. If it
is assumed that 10% of the tissue weight is blood it can
be calculated that} if all the ^Fa in the blood
interfc?red in the ^Fe analysis of the TNHI of the tissue,
the counts from the kidney T1IHI would be raised by 40%,
Exsanguination of the rat tissues vrould eliminate
this error. However, it is difficult to perfuse spleen
*Table3.
MethodsUse'orDir ctet rminationfon-HemiIriTissue Non-herainironextractedby
Finallydeterminedwith
Starkensteina dWeden (1928)
5NHC1
Thiocyanateriod met ic method
Tornpsett(1934-35)
Thioglycolicacid,r NapSpO^,orMa^Po0y
Thioglycolieacid
Hill(1930
Reducingagents+ bipyridine
oC,cC-BipyTidine
ShackletonandMcCa ce (1936)
®a2^2^4+Bipyridineor Ha2Sp04lone
it
Kohler,Elve jem,and Hart(finalmodification) (1936)
Hydroquinone+bipyridine
»
BorgenandElvehj ra(1937)
Homogenizati nandh t
a
*ReprintedfromB uckmannaZond k(1940)
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and histological examination of livers after venous and
arterial perfusion with 21. Ringer-Locke solution
showed the presence of a number of red cells still in
the tissue. Prolonged perfusion might result in the
liberation of stored iron due to the low oxygen content
of the circulating fluid (Mazur, Baez and Shorr, 1955).
It was thus necessary to use a method for the determination
of non-haem iron in which there was no interference from
haemoglobin iron still present in the tissues.
Before 1938, although the chemical nature of the
non-haem iron in normal tissues was not known, efforts
had been made by several workers to develop methods for
the quantitative determination of this iron. These
techniques (Table 3 ) were investigated by Bruckmann and
Zondek (1940) and the method developed by Tompsett (1935)
modified in such a way that apparently all the non-haem
iron was extracted from the tissue pulp and there was very
little interference from added haemoglobin. This method
consists of the extraction of iron from tissues with hot
sodium pyrophosphate and trichloracetic acid followed by
photometric determination of the iron.
The main defect of this technique was an inability
to extract all the non-haem iron present in the tissues
of the siderotic rats used in the present investigation.
Similar results were obtained using a slightly modified
version of this method (Yoneyama, 1953).
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In 1954 Ramsay and Campbell developed a method for
the assay of TNHI in fowl tissue. Tissue suspensions,
after saturation with carbon monoxide (GO), were extracted
with CO saturated sodium sulphite and 2-2-^-dipyridyl in
acetate buffer at pH 4.25, in a water bath at 100°G for
30 minutes. The optical density of the pink-colourod
supernatant fluid, aftor filtration, was measured.
With fowl tissue they found no significant interference
from haemoglobin iron as determined photometrically.
This method was investigated more fully during the
present investigation by the determination of the
interference from radioactive iron present as haemoglobin
in contact vdth the tissues. Highly radioactive blood
from a donor rat given 50 jiC 59pe one week before the
experiment was added to the suspensions of minced liver,
spleen, kidney, and muscle of normal rats. The volumes
added were roughly equal to the amount of blood
calculated to be present in the original tissues. The
suspensions were then analysed (Ramsay and Campbell, 1954)
and the radioactivity of the ferrous dipyridyl solution
determined (p. 34 ). The results indicated interference
from haemoglobin 59Fe of about 18%. This value was
unaffected by omission of the CO treatment.
It was thus clear that a more efficient method for
the determination of TNHI had to be developed in which the
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interference from haemoglobin iron was minimised.
The technique finally adopted involves the removal of
much of the haemoglobin by great dilution of the tissus
suspension and extraction of the iron from the insoluble
residue after addition of ammonium sulphate to precipitate
any ferritin which has dissolved in the water.
Preparation of tissues
It had been noticed that, if rat tissues were ground
in a glass homogeni3er, the resulting suspensions
very often turned brown after standing even in a
refrigator. It was thought that this may have been due
to decomposition of haemoglobin by local heating. The
ti sues were therefore chilled at -15°C for at least 1
hour and then chopped very finely with a stainless steel
razor-blade held in a polythene holder by brass screws.
It was shown from the comparison of iron determinations
on homogenised perfused tissue and on chopped perfused
tissue that there was no apparent contamination of the
tissues by iron from the blades,
A weighed sample of this mince was diluted before
analysis with four times its weight of ice-cold water
in order to haemolyse the red cells.
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attraction Ps termination of Tiff!
Aliquots of 0,5ml. of this suspension were diluted with
3.5ml. ice-cold water. Ice-cold saturated .jjnmonium
sulphate solution (5ml.) was added and the tubes placed
in the refrigerator. The precipitate formed after
2 hours, during which time the tubes were occasionally
shaken, contained all the non-haem iron of the tissue
and very little haemoglobin. This was shown by analysis
of total iron in perfused tissues by this method and by
wobashing or extraction with dipvrid 1 in acetic acid (p.24),
That there was no rise in the concentration of iron
containing material after 2 hours was shorn in Appendix ii,
P. 77,
After standing, the tubes were then centrifuged and
the supernatant fluids were discarded. The residues
were extracted for 20 minutes with 4ml. 20% perchloric
acid and lml, tetrachlorethane (TCE) in a bailing water
bath after vigorous shaking of the tubes to dislodge the
precipitates. The TCE facilitates packing of the
precipitate in the centrifuge and removes a large
proportion of the brown colour produced during the
perchloric acid extraction, hence lowering the readings
of the blank tubes in the photometer. It does not
appear to remove any iron-containing material from the
solu tion.
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After heating, the tubes were removed, cooled, the
contents diluted to 7.5ral. with water and centrifuged.
That increasing the perchloric acid concentration or
the time of extraction did not raise the concentration
of iron in the extract war. shown by experiments
reported in Appendix ii, pp. 78-9.
Aliquots of the supernatant fluid, ranging from
0.1ml. in the case of livers and spleens of iron-loaded
rats, to 2ml. of extracts of muscle a-d kidneys, were then
analysed for iron in tubes by addition of 0.2ml.
1.5M, sodium sulphite solution and 2ml. 0.1% 2-2^dipyridyl
dissolved in 30% ammonium acetate and % acetic acid. The
volumes were made up to a standard volume of 4.2ml.
with 12% perchloric acid, the same concentration as in
the tissue extracts.
The pink colour thus developed was read gainst
a water blank at 520np and the iron concentration
determined from a standard graph. Tissue blank
determinations were made by addition of a 30% ammonium
acetate in % acetic acid solution in place of the
dipyridyl reagent.
Standard graphs may be prepared by use of solutions
of ferrous sulphate or ferric ammonium sulphate treated
as above after addition of perchloric acid.
Several experiments were conducted in order to determine
the efficiency of the method in measuring the TNIII
of rat tissues.
Table 4.
Contamination of PHI by Haomo, lobin Iron
Analysis Time left for
precipitation
% Interference by
haemoglobin iron
TNHI 2 hours 2.3
<% 2.7
4 hours 1*3
17 hours 1.6
M 7.7
*» 7.4
ll 8.5
li 8.3
E. h i V, ; : ' ' ' 4 : • "t '( \ i
• *' ...'
_ : •
: r "• r < '• , » ' . •* , '
'
23
Reproducibility of technique
The fMfflt was determined on the liver and spleen of a
normal rat. Twelve samples were analysed in each case.
These results indicate good reproducibility.
Optical density of ferrous dipyridyl solutions formed from
Liver TiUII a 0.117; range 0.110 - 0.120; 3.D. 1 0.003
Spleen TMI= 0.126; range 0.117 - 0.132; 3.D. i 0.004
Dpgpep qf contamination by yron from l^nmoglobtq in tipsue9
The efficiency of the fractionation technique
in eliminatlnginterferenca from haemoglobin iron in the
tissues was investigated by addition of -^Fe labelled
red cells to the liver mince. The mince was then analysed
for TNIII and the radioactivity of this iron determined
(P» 34 )» The results (Table 4.) indicate that the
degree of contamination can be kept to as little as 2.5£
if the time of ammonium sulphate precipitation is limited
to 2 hours* With spleen even less contamination was
found. When the radioactivity of the blood is at its
maximum value this contamination is still negligible.
Do t e of contamins tion from iron in nlasma
A similar investigation was made into the contamination
by plasma iron by addition of radioactive plasma to the
tissue in the proportion 0.3ml. plasma to lg. mince.
The results indicate definite interference in the
liver and kidney but the radioactivity of the plasma
iron present in these organs, even within a few hours
of the injection of the 59Fe into the experimental
animals, is not high enough to cause any significant error
in actual practice.
Table 5.
Percentage interference in determination
of tissue T ill by plasma iron
iter Kidnpv
liX 4% 9%
Efficiency of extraction of T i.il from liver
The results of TIIHI analyses using this method were
compared with those obtained by determination of iron
in wet-ashed, perfused livers with 2-2^dipyridyl in
acetic acid. The perfusions were carried out by arterial-
venous perfusion of the livers rath 21. Ringer-Locke solution.
Table6.
ConcentrationofT lIr niPerfusedLivers LiverTotalIr nmg./lOOg,* TNIIIMethod
WetAshing
1
11.9
13.1
2
16.6
13.2
3
10.0
11.2
4
7.1
3.2
*Allconcentrationsaregive/lOOg.w ti httissue
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Although the liters turned very pale In colour,
histological examination showed that red cells were still
present in the tissue. Thus, wet-ashing of such tissue
for iron assay would give results higher than any method
which determines non-haem iron alone. The wet-ashing
was carried out according to Ramsay (1944); Ramsay
and Campbell (1954), The results (Table 6.) indicate
that at least 87% of the iron present was extracted by
20% perchloric acid.
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The values for the iron concentration of perchloric
acid extracts of the ajnaonium sulphate, TNHI precipitates
from non-perfused rat livers were compared with those of
iron determinations on the wet-ashed ammonium sulphate
precipitates (Table 7.). Between of the total
tissue iron, as determined after extraction by wet-ashing,
could be extracted from the tissue by perchloric acid.
The ammonium sulphate precipitate was also extracted with
dipyridyl in acetic acid and 36>-,-96p of the iron was
extracted in this way (Table 7.),
Table_.
Extraction of iron from Ainmonium Sulphate precipitates
concentration of iron (mz./lOOn.)
method this work wet-ashins dipyridyl/
pped (p.2l) acetic acid
liver 1 18.0 18.9 17.9
2 18,1 20.5 17.6
3 169.0 176.0 169,0
4 144.0 154.0 137.0
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PqmIWPB
The efficiency and simplicity of this method make
it suitable for use in the routine analysis of THHI in
rat tissues. The only defect of the technique so far
encountered is the occasional and unexplained inefficient
extraction of all the TNHI from rat liver. This was
indicated by the fact that more than 100% of the TtHI
■was calculated to be present as ferritin in one or two
siderotic rat livers, the expected percentage being
about 67%.
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IV. fhp pefroFrftnatioft of ?orri-ttn Irop ip yispuap
In 1957 the only method for the analysis of ferritin
iron was that of Gabrio, Shoden and Finch (1954). Later
Kaldor (1954) published a similar method. Both techniques
were developed from Granick's (1946) method for the
qualitative preparation of ferritin. This method was
based on the observation (Laufberger, 1937) that ferritin
did not coagulate in water solution up to 80°C and was
precipitated by 50% saturation with ammonium sulphate.
The iron in this precipitate was taken to be ferritin
iron as haemoglobin does not decompose at 30°C and is
not precipitated by ammonium sulphate at this concentration.
The haemosiderin iron concentration was calculated by
Gabrio from the difference between TNHI and this ferritin
iron. Kaldor (1953). however, analysed the heat-
coagulum formed at S0°G and considered the iron present
in this to be haemosiderin iron. As this precipitate
was not washed it would be contaminated with ferritin
iron to 3ome extent.
The method used for the preparation of a ferritin-
rich,haemosiderin-free fraction of rat tissues is
described below and the concentrat on of the iron in a
perchloric acid extract of this fraction determined as
on p«22. The haemosiderin iron concentration referred to
in this investigation is, in fact, the non-ferritin
fraction of the TbHI in the tissues.
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Extraction and determination of ferritin iron
The suspension of raincad tissue in water, prepared as
on p. 20 , was treated in the following manner.
The suspension was heated in a water bath at
approximately 90°G and stirred well with a thermometer
until the sLurry was at 30°G. The tube was centrifuged
and the heat-coagulum discarded, Aliquots (0,5ml.)
of the supernatant fluid were diluted with 0,5ml, water.
The tubes were placed in the refrigerator and 1ml* ice-
cold saturated ammonium sulphate solution added. The
precioitate formed after 2 hours was believed to contain
all the ferritin from this aliquot as increase in the
tine of precipitation did not result in an increase ir
the iron present in the precipitate, (Appendix ii p. 77 ).
The ferritin-rich precipitate was extracted with
perchloric acid and analysed for iron as in the
procedure for total non-haera iron (p.22 ). Experiments
were conducted in order to determine the efficiency of the
method and also to investigate the nature of this
ferritin rich material,
Roprodqgibjllity of this method
When 12 minced portions of a liver from a normal rat
were diluted with 4 times their weight of water and
analysed for ferritin iron by ttiis method, the results
showed the good reproducibility of the technique.
Optical density of ferrous dipyridyl solution formed
from liver ferritin iron
= 0.169; range 0.163 - 0,l?7j 3.D i 0.004
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Derrree of contamination by iron from haptoglobin and
phasing, in tissue?.
As in the determination of TNHI, it was found that
the degree of interference from ^9jpe present as
haemoglobin or plasma iron in the tissue was very low.
Addition of highly radio-active blood or plasma to the
suspensions of tissue before heat-coagulation resulted
in less than 5% interference from haemoglobin iron
even after 17 hours precipitation with ammonium sulphate
and 6-15% interference from plasma iron. This
interference was not significant in the present
investigation.
The Nature of the Ferritin-Rich Fraction
It was important to know if the iron in the ferritin
fraction could be considered homogeneous and if it was
present as the material known as ferritin (Laufberger,
1937). In order to investigate this problem?the ferritin
fractions prepared from siderotic rat livers? after
injection of ^Fe 24 hours previously) were analysed for
iron and its radioactivity and thus the specific
activity (3A) of this iron could be calculated.
These ferritin fractions were then subjected to
several procedures, reported in detail in Appendix m
p. 80.
Table8.
NatureoftheFerritinraction
SourcefIron
SpecificAct vityofIr n(c/ug) Liver1Liver2
AmmoniumSulphateFrecipitat
12
37
CadmiumSulphateFrecipitat
10
32
VeronalBufferSolution
12
29
PaperStrips
12
31
Recoveryofir nf mpaper
106%
110*
Recoveryof59p'efr maper
104%
104J6
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They were first dissolved in veronal buffer, pH 8,6,
and the SA of the iron in these solutions was determined.
These ferritin solutions were then run on electrophoresis
paper strip and the SA of the iron on the consecuti/e
1 cm. strips of this paper determined after extraction
of the paper with acetic acid and dipyridyl.
It can be seen from the results in Table 8* that
the SA of the iron on the paper was the same as that of
the ferritin fraction iron before electrophoresis.
The iron-containing protein, under these conditions,
ran in a band 1-1.5 cm. wide and no other iron-
containing material appeared to be on the paper; that
such a material had run rapidly off the paper is impossible
as the recovery of both the iron and the radioactivity
was quantitative. No iron remained at the origin.
Under the electron microscope the iron-containing
material on the electrophoresis paper was easily
identifiable as ferritin.
That the ferritin fractions were similar to that
prepared by Laufberger (1937), was shown by the fact that
the specific activities of the iron from the CdSO^
precipitate of the veronal bu fer solution of the ferritin
were almost the same as these from the original
precipitate (Table 8»).
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It is possible, nevertheless, that the ferritin
may be a mixture of ferritins of similar chemical
properties but in which the iron could not be considered
physiologically homogeneous.
Rat liver ferritin can be separated by differential
high-speed contrifugation (Mazur, Litt and Shorr, 1950)
into a series of fractions with different iron
concentrations. Mazur, Green and Carleton (i960)
found that, in the first few hours after 59pe injection
into rats, the radioactive isotope was distributed in
the ferritin fractions in such a way that with the
increasing iron concentration in the fractions there was
a decrease in SA of this iron. However, after 24 hours
specific activities of the iron in all four fractions
analysed were identical.
Thus, care must be taken that it is not assumed that
all the iron in ferritin is physiologically
homogeneous.
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V. DotermtasiflLop of Rqdioapty/p Jron (59Fejin Tissue?,
Tho methods in use for the assay of radioiron
may bo classified in four groups.
1# Liquid counting of the solution for p-ray
emission (Bale, Haven and LeFevre, 1939).
Thi3 results in a high degree of self-absorption and
hence is not suitable for assay of very small amounts of
59Fe.
2# Plating out of a layer of the sulphide or
hydroxide of iron on to planchettes (Agner, Bonnichsen
and Hevesy, 1954; Jackson, 1938).
Such a method requires addition of carrier iron.
This iron may cause self- absorption and thus lower the
sensitivity of the analysis.
3. Electroplating of iron in solution on to platinum
electrodes. (Hahn, 1945).
This technique is time consuming and was therefore
discarded.
4. Scintillation counting (Anger, 1951).
The measurement of the Y-ray emission from 59Fa
is the least tedious and most useful of these techniques.
However, when this investigation was first made there was
no scintillation counter available. It was,therefore,
necessary to resort to (3-ray counting. Preliminary
experiments, which are described below, suggested that
it might be possible to avoid the addition of inert
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carrier iron. As this would give great sensitivity
by enabling counting to be done at "infinite thinness",
attention was concentrated on this aspect instead of
on the existing methods. The method finally adopted
was such that a sample of 0.02 mpc gave a count rate
equal to Wice that of the background.
It was noticed in preliminary experiments that
ferrous dipyridyl even in low concentrations (about 10"^ M)
was precipitated by sodium mercuri-iodido, (Na2Hgl4), in the
form of a moderately bulky^bright red precipitate, rapidly
and apparently efficiently at pH < 5. The precipitate
\/as readily soluble in aqueous acetone. It was also
observed that the addition of sodium iodide to solutions,
before precipitation of the iron complex, prevented
co-precipitation of a dipyridyl complex of KapHgl^.
This was reported by Feigl (1939) in his method for the
detection of traces of iron in mercury salts. On
the basis of these observations a method was developed
for the assay of -^Fe.
New Method
The precipitating reagent was prepared by
Addition of saturated sodium iodide solution to a %
solution of mercuric chloride until the mercuric iodide
had dissolved to form Na2HglA. This solution
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appeared to be stable indefinitely but it was noticed
that the older the reagent the more rapidly low concentr¬
ations of iron were precipitated.
The solutions of ferrous dipyridyl formed for the
colorimotric assay of iron in tissues, blood and
plasma were treated in the following manner.
To these solutions, still present in the selected
tubes, were added 0.1ml. saturated sodium iodide solution
and 0.1ml. Na2Hgl4 solution. These tubes were rotated
gently and left to stand at room temperature for at
least 30 minutes. At high concentrations precipitation
is complete in a few seconds. At low concentrations it
is most important that the tubes are not refrigerated
during precipitation. The precipitate uas centrifugod
down, washed xjith 4ml, 5% ethariol in water and cantrifuged.
In some cases,where the iron concentration is very high,
3orne of the precipitate may float but can be made to
settle by centrifugation after addition of lral, ethanol.
Up to a total of 4ml. perchloric acid extract can be
precipitated by 2ml. dipyridyl in ammonium acetate
acetic acid reagent and 0,1ml. Nallgl^ and O.lraL. Hal
solutions. Larger volumes require addition of more
dipyridyl reagent in order to raise the pH above 3.
This is necessary for complete colour development.
After contrifugation the washings were discarded and 0.2ml.
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water added to each tube. It is important to add
this water as the precipitate i3 not soluble in dry
acetone and if the precipitate is allowed to dry in the
tubes it is very difficult to dissolve.
The water and any precipitate suspended in it wore
transferred by a capillary pipette to dished 3/4"
copper plenchettes. In order to prevent creeping of the
evaporated residues, these planchettes were coated
before use with 2> silicone fluid (Hopkin and Lillians,
MS 1107) in hexano on the underside and allowed to dry.
The plaichettos were kept on an aluminium tray on a
small hot-plate kept at approximately 50°C. The
remainder of the precipitate was dissolved and transferred
with alternate washings of 0.2ml. portions of acetone
and water, the tubes being thoroughly rinsed down with
the washing fluids. This was repeated until all the
red complex was removed from the tubes and the liquid
on the planchettes was allowed to evaporato slowly.
Although in most cases the layer of material on the
planchetfces is "infinitely thin", in a few cases other
material may be present and this can be removed by
heating the plated samples to about 200°G for a few
minutes.
The samples were counted with a thin, end-window
Geiger-M&ller counter. In most cases at least 1,000
counts were made. After counting, the planchettes
were discarded.
Table9.
Repro^oj.bftlit.v^Fgd termina ion
Tissue
+No.ofC unts
coefficientsfvar ation(C.V.)% Experimental♦Theoretical
Colorimetric analysis
blood
1,000(3.D.25)
2.5
2.2
1.9
plasma
375(3.D.114)
3.7
3.2
1.0
liver
344(S.D.t50)
5.9
2.4
2.3
spleen
110(3.D.t6)
5.5
2.1
3.2
♦TheoreticalC.V.=Jtotanumberfc untsr.aô totalnumberfcountsm d +Gounts/min./planchette(meanof12ampl s)
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Preparation of standards
Standard 59Fe solutions were prepared by dilution
of 0.02 - 0,05 ml, of the radioactive ferric citrate
solution (used for the injections) with 100 ml, of a
very dilute HC1 solution of ferrous sulphate
containing approximately 2 rag, iron a3 carrier, Aliquots
of this solution could then be evaporated directly on
the planchettos or could be treated with dipyridyl
and acetic acid and the resulting complex precipitated
and counted. When iron solutions are analysed in the
absence of tissue extract the precipitated complex
can not be washed with ethanol and water as the
precipitate floats and creeps up the walls of the tube.
Reproducibility of this method.
The reproducibility was determined by radioactive
analysis on twelve samples of blood, plasma, liver and
spleen which had also been analysed for iron
colorimetrically. The results (Table 9«) show that
this method is highly satisfactory.
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Recovery and Self-absorption Experiments
The efficiency of the precipitation technique
in removing all the radioactive iron from solution and the
effect of increasing weights of iron on the planchetta
on the self-absorption of p-particles by the iron are
shown in Table 10.
^Fe: Recovery and decree of Self Absorption
Welcht of iron on olanchefcte %recoverv of 59Fe
FS %
0.13 90
0.82 100
1.78 100
3.38 104
6.58 99
*10.0 105
16.2 100
*25.0 98
38.6 100
*50 97
*100 101
With the exception of those marked * these results
were obtained by addition of increasing amounts of iron
to aliquots of the perchloric acid extract of rat kidney
which contained 59Fe labelled non-haem iron. Results
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marked * were obtained by analysis of 0.2 - 2.0ml. volumes
of the perchloric acid extract of 59Fe labelled spleen
tissue.
The results indicate practically 100% recovery
and no self-absorption between 0,8-100 jig. iron per
planchette.
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VI Conol.Mfto
By the use of methods presented in this section the
distribution of 59pQ in rat tissues and blood and the
relative behaviour of ferritin and haemosiderin in the
uptake of this iron into the iron storage organs could
be studied. Both photometric iron determination and
59Fe counting were carried out on the same aliquot
of iron extract of the tissues and blood and hence
the specific activity of this iron could be calculated
with greater accuracy than would be obtained using
separate aliquot3.
MFiiPJMI-JTAL
TabloU.
GroupingfExperime talAnira13f rxperiment DavofKilling
GroiyD
(Daysfterisotopein.iection)\
1
7
14
35
93
No.rats
No.rats
No.rats
No.rats
No.rats
A
3
3
-
-
—
B
2
2
-
3
-
G
-
1
3
-
3
D
-
-
2
2
4
E
2
2
3
2
-
F
-
-
-
3
3
G
4
3
4
1
-
TotalNo.rat3
11
11
12
11
10
Meanwt.1S.E
309111
344U1
307111
342113
359-13
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EXPERIMENTAL
A. Distribution of ^Fe in Siderotic Rats
This experiment was designed to illustrate the
relative activity of ferritin and haemosiderin in the
uptake of 59Fe by siderotic rat tissues.
In order to render the animals siderotic they
were given single, subcutaneous injections of 2ml.
Imferon (1CX) mg* Fe). All animals were adult, male
rats weighing about 300 g. and were fed on rat cake
and water*
One month later each animal was given a subcutaneous
injection of 3-5 po. 59Fe ferric citrate in sterile
saline solution, pH 7.6, specific activity 2-10 rac/mg.
iron. Iron presented in this form is utilized more
efficiently than ferrous aseorbate (See Apoendix iv,o. 33).
Belcher et al.(1954) report that the utilisation is
greater than with ferric chloride.
Fifty-five rats were prepared in 7 batches of
6-12 animals and killed at intervals of 1-98 days
after radioiron injection. The intervals were distributee
in a 'random' manner in an attempt to minimize
systemic experimental errors and those due to the
differing agos of the rats and possible seasonal
variations in metabolism. The distribution of animals
is shown in Table 11. Over the period of 98 days
the average weight of the rats showed no consistent
increase (Table 11.).
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After weighing, the animals were anaesthetized
by intraperitoneal injection of 0.5 ml. nembutal,
the chest cavity opened and as much blood as possible
removed from the heart. This blood was used for
the determination of the haematocrit, and the
concentration and radioactivity of whole blood and
plasma iron.
The liver, spleens and kidneys were remo ed,
weighed, placed in polythene dishes and frozen in
a deep-freeze at -15°G for at least 1 hour.
The tissues were analysed for iron and its
radioactivity. The loss of 59Fe in faeces and urine
was not determined in these animals as preliminary
experiments had shown that very little was lost by
these routes (See Appendix v p. 85.).
The Distrib ition of ^Fe in Normal Rata
In order to make some comparison of the results of
the previous experiment with those of experiments
on normal animals, 8 normal, adult, male rats were
injected with 3-5 pc. ^Fe: 2 ware killed at 1 day,
3 at 4 days and 3 at 10 days after the injection and
the livers, spleens, kidneys, bloods and plasmas
analysed as before.
RESULTS MP LISCJSSIOM
Coupon'.rationofIinhOrga sf rmalendSi;er t cRat Ilat3DaysAfter*fflg.Fe/100gtissue
-S.£.
Liver
Spleen
Kidney
Inferon
59f0
formal
4M»
-
11*2t0.6
53t
6.4t0.3
Siderotic
30
1
126£6
206t19
13.7i.2
37
7
141*5
290t17
14.7t.5
44
14
142i9
306t20
14.1t0 9
65
35
158*23
329*3
16.1t2.7
123
98
120t'9
385*1
16.4t..8
*Ratsreceived100Rg.i onaImf ron and5uc-^Fa(~3~.Fe)
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RESULTS and PISGUoSIOK
Distribution of Iron in Normal and Siderotic Rats
The affect of Isiferon injection on iron distribution
In normal rats approximately 60% of the total body
iron is present in the circulating red cells as
haemoglobin. However, after the injection of 2ml.
Imferon the haemoglobin iron accounted for a much
►smaller fraction. This change in the quantitative
importance of the storage iron can be seen from the rise
in the concentration of non-haem iron in the livers, spleens
and kidneys of normal rats at 30 to 128 days after the
injection of 2 ml. Imferon. (Table 12.) Analysis of
the tissues was not carried out during the first month
after the iron injection because, in the early stages
of Imferon absorption, the dextran complex is found in
the plasma (Martin et al.. 1955) and the presence of
Imfaron interferes in the determination of THHI and
ferritin iron in the tissues.
The iron concentration in the livers rose to ten
times the normal concentration of 11 mg./lOOg. tissue
in one month after which there was no .significant
increase. The concentration in the kidney rose from
6.4 rag, to about 14 mg,/lQ0g, tissue in the first month.
TabisJJ.
ConcentrationfIroniBl odaPl smafN rmalSider ticR s RatsDaysfterIron/100ml.-S.E Blood
Plasma
Imferon
©
pz*
Normal
-
-
50.9-0.7
188-3
Siderotic
30
1
50.7-3.9
314-23
37
7
52.9-1.4
261t13
44
14
49.3*
258*
65
35
50.6-0.9
259117
128
93
52.9-0.6
23416
*Only4anima s
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The apparent increase of 2.7 mg./lOOg. over the 30 to
128 day period was far from significant (0.3>p>0.2).
In the spleen the concentration of iron after the first
month was four times the normal value of 53 mg./lOOg,
tissue and there xwas a steady and significant increase
from 206 mg. to 385" mg./lOOg. during the next three
months#
The results of iron analysis on the whole blood and
plasma of both normal and siderotic animals (Table 13.)
indicate that there was no change in the concentration
of haemoglobin iron when this degree of siderosis was
induced. However, the mean plasma iron concentrations
wore significantly greater than the normal value of about
200 ^ag./lOOml. by 46 to 126 ^lg./lQOnl.
It appeared from these results that, 'with the
exception of the spleen, no increase in iron
concentration of either blood or tissues took place
after the first month following the Imferon injection.
The iron stored in the tissues was present as
haemosiderin and ferritin and although there had been
little or no change in the actual concentration of iron
in the organs during the period after 59pQ injection
there might have been changes in the distribution of
the storage iron between the two storage materials.
For this reason the average values for the percentage
Table
PercentageofSt rageIr nasF rritiniideroticR tT ssues Daysfter%IronasFerritin-S.S. Imferon59FeLiverSpleen
Kidney
30
1
62.6!3
28.8£1.9
45.7*1.8
37
7
63.9-3.0
27.1£1.7
47.7£3.2
44
14
66.2-3 9
25.1*1-
48.1£2
65
35
60.3£4.7
24.4£1.6
46.2£3.
128
98
66.1£4.0
21.5£0.4
45.5£2.1
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of the TNHI present as ferritin in the tissues of the
siderotic rats at five intervals between 30 and 128
days after the iron injection wore tabulated in Table 14.
It was very interesting to find that in the liver
and kidney there had been no change in the percentage
distribution over the 93 day period# In the spleen,
however, the rise in the TNHI concentration was
accompanied by a fall in the percentage of this as
ferritin from 23.3$ to 21.5$. This decrease was
significant# It was felt originally that there might
be difficulty in assessing the importance of this
change in iron distribution on the metabolism of the
59"?e. However, this point proved to have no bearing
on the main conclusions 'which have been drawn from the
work.
TI-HI qoncoqfrrqtj,ofl and iron djL§tyibptj.op tjspueg
Prom their analyses on the livers and spleens of
rabbits rendered siderotic with saecharated oxide of iron,
Shoden et al.(1953) were led to suggest that there was a
greater tendency for iron at concentrations higher
than normal to be deposited in the form of haemosiderin.
The wide range of iron concentrations found in the
siderotic rat organs used in the present investigation
made it possible to investigate whether or not this
PROPORTIONFTNHIRESENTAFERRITINISPLEE .
FIGURE3
OlI1Ii40SO1206204280364 0480 ConcentrationofTNHI^19/IOOmgsplee .
PROPORTIONFTNHPRESENTASF RI INIL VER
FIGURE2
lOOr 90■ ao■ 70- 60"
X 2SO
40- 30" 20■
•
IO-
—11I120468IOO120416IS2 02406 ConcentrationofTNHI>19/IOO1*9.liver.
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"tendency" was characteristic of rat tissues after
Imferon injection* The percentage of the TNHI present
as ferritin in the liver, spleen and kidney of each rat were
plotted against the TNHI concentration in Figures 2,3
and 4 respectively.
In normal rat livers (Figure 2.) at concentrations
of about 10 mg. iron/ 100g» tissue, practically all
the non-haem iron was present as ferritin. With
increasing, concentrations of TNHI, as in the case of
rabbit liver (Shoden et al.. 1953), there was a
marked decrease In the percentage of this iron as
ferritin. With an increase in TNHI concentration
from 11 rag, to 240 mg,/l00g. the percentage as ferritin
fell from about 100% to about 50%, There was, however,
no indication that the tissue had reached an iron
concentration at which no more iron could be stored
in the form of ferritin.
In the spleen (Figure 3) there appeared to be only
a slight decrease in the percentage of the TNHI as
ferritin at concentrations of TNHI greater than
320 mg./lOOg. tissue, (six times the normal concentration)
when the value fell from about 25% to 20%, This
picture is complicated by the fact that the high iron
concentrations were found in the spleens of the rats
killed 128 days after Imferon injection and, hence,
PROPORTIONOFTNHIPRESENAFE RITINIKIDN Y.
FIGURE4
•
•
ii»■1* 8IO1246820246
l_
28
30
i
32
ConcentrationofTNH!>ig/IOOmgkid ey.
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the fall in the percentage as ferritin may have been
due, at least partly, to the long time interval after
the injection. Although Shoden et al.(1953) found
that, as in liver, the increased iron concentration in
the spleen led to a marked fall in the percentage as
ferritin, thi3 difference in the behaviour of the
rat spleens may have been due more to the fact that the
iron concentrations of the rabbit spleens were very
much higher than those in the rat, rather than to any
species variation.
There was no change in non-haem iron distribution in
the kidney -with increasing TNHI concentration from
6.4 rag. to 30 mg./lOQg. tissue when 415% of the iron
was found in ferritin.
Table15.
Distributionof59FenSideroticRa s
Daysfter 59Fe
%TotalInjection-S.E.
Blood
Plasma
Liver
Spleen
Kidney
1
17.6£2.3
0.38
9.7£1 2
0.99-13
0.81!.12
7
36.9£2.2
0.04
12.6+-.0
0.95£07
0.96£.13
14
31.3£.
0.02
11.4£.2
1.23£0 1
0.84£.12
35
29.2-3.5
0.02
11.4£.2
2.34£0 0
0.62£.28
93
11.7£0.9
0.03
13.0£.2
7.53£0 0
0.50£06
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Distribution of 59Fe in Normal and Siderotic Rata
Distribution between organs, blood and plasma
Of the 59Fe injocted subcutaneously into the siderotic
animals and taken up from the injection site, some
was stored in the NHI materials and some utilized for
haemoglobin synthesis. As less than 3 pg. of iron
were injected and as this would only gradually enter
the plasma, it *was assumed that the 59Fe in the plasma
would behave like the unlabelled iron in its subsequent
metabolism.
The amounts of 59pe>- expressed as the means of the
percentages of the total injection found in the organs,
blood and plasma of the siderotic animals at various
intervals after the injection of the radioactive
isotope,were tabulated (Table 15.).
The circulating red ceils took up 17.6$ of the
injected radioactive isotope in the first day and the
maximum incorporation of 36.9$ occurred in 7 days. The
decrease in tire percentage of isotope present in the red
cells between the 7th and 35th days was not significant.
The low concentration of the 59pQ in the circulating
red cells at 98 days indicated that reutilisation of the
iron from red cell breakdown for haemoglobin synthesis
wa£5 not great. This was presumably due to dilution
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of the radioactive isotope by the large concentrations
of the stable isotope already in the tissues of these
animals, a phenomenon encountered in both experimental
animals and human pathological conditions associated with
high iron stores (Finch, Gibson, Peacock and Fluharty,
1949; Finch, Wolff, Rath and Fluharty, 1949)#
The plasma isotope concentration fell very rapidly
in the first few hours. This was noted from determinations
of the plasma radioactivity in several rat3 2 hours
after the injection. About 16# of the total injection
I
was found in the plasma at this time and 22 hours later
only 0.33$ was still present. Thereafter the amount
of 59Fe in the plasma was less than 0.05# of the total
injected.
About 10# of the injection was found in the livers
after 1 day and there was no significant increase over
the next 97 days.
The spleens took up approximately 1# during the
first 24 hours, there was no significant rise during
the next 34 days but the amount of 59Fe present rose
markedly during the 35-98 day period from 2.34# to 7.53#.
As the red call life span of the rat is 50-60 days
(Berlin, Waldmann and Weissman, 1959) this rise in
spleen -^Fe was probably due to the release of the
radioactive isotope from the breakdown of the cells
formed in the initial stages of the experiment.
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It was interesting to note that in the kidneys there
was a significant decrease in the amount of isotope
present between the 7th and 9'th day fro$i 0,96^ to 0,50%
(0.01> p>0,00l)« There is a possible explanation of
this, based on the consideration of the specific activity
of the iron in the rat tissues, as follows: even in
these siderotic rats the iron concentration in the
kidney tissues was low and the specific activity of this
iron was high in comparison with other ti33ue iron analysed
with the exception, during the first day, of the pla3ma
iron. In these rats the specific activity of the kidney
non-haem iron during the first fortnight (See Table 22)
was of the ordar of 30 counts por minute per jxg. iron
(c/pg.) and the speoific activity of other tissue
non-haem iron approximately 10-15 c/pg. Thus, as the
initial very high plasma iron specific activity of
approximately 200-500 c/pg. fell after the first day to
less than 20 c/pg., any later non-haem Iron exchange
between the kidney and plasma would result in a
decrease in the total amount of isotope in this organ.
That 59Fe lost from the kidney almost certainly must
have been replaced by unlabelled iron can be calculated
as follows, if it is assumed that the 59Fe and the
nonradioactive iron were physiologically homogeneous.
The loss of 0,46% of the injection is equal to 4,600
Table16.
Distributionof-^FonN rmalRa s
Daysfter
%TotalInjection
59Fe
Numberof animals
Blood
Plasma
Liver
Spleen
Kidney
1
5
19.9
0.51
8.3
0.64
1.2
4
3
50.4
0.10
5.1
0.48
0.5
10
6
54.3
-
9.6
0.51
1.3
Tablo17.
Distributionof^FenN rmalRats(o herworkers)
%TotalInjection
Investigators
Daysfter subcutaneousinjection
Blood
Liver
Spleen
Kidney
Goppandroe berg(1946)
4
o
1
O
5-10
-
-
Belchertal.(1954)
6
37-44
11.3-11.6
0.3-0.6
0.9-1 4
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counts por million counts injected. With, a specific
■ 1 a
activity of 30 c/jag. for the kidney non-haem iron,
such a loss would be equivalent to 150 jig. iron in 90
days. This did not take place and hence the kidney
59?a must have been replaced by iron of a lower specific
activity.
In comparison with the distribution in normal
rats (Table 16) it can be 3een that in the first few days
the normal animals incorporated more radioactive isotope
into the red cells and less into the liver and spleen
than the siderotic animals. The uptake of 59fe by
these normal animals is similar to that reported by
Gopp and Groenberg (1946) and Belcher, Gilbert and
Lamerton (1954) (Table 17) and the lower uptake by siderotic
rats into the circulating red ceils is characteristic
of 59pe studies on haemosiderotic animals and man
(Finch, Gibson et al.. 1949) where sideroais is not
associated with a decrease in the rate or degree of red
cell synthesis e.g. experimental iron overload or
haemochromatosis in nan.
Although it is clear that the raised iron
concentrations of the rat organs resulted in alterations
in both iron distribution and 59Fe metabolism these do
not detract from the very interesting observations
made regarding the comparative behaviour of the ferritin
and haemosiderin fractions of such organs.
Table13
PercentageofT::H59FeasFerritiniSideroticR tTissues Daysfter%TNH59pea3Ferritin
£S.E.
59fe
Liver
Spleen
Kidney
1
93.3-2.
67.9£3.7
66.5£1.9
7
83.8-2.3
42.6£2.7
43.9£3.5
14
82.8-2.6
36.5£4.4
45.9£1.3
35
76.1£3.4
35.7£.0
46.6£3 5
98
71.1-3*0
17.9£0.4
47.0£2.2
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From the consideration of the distribution of
59Fe between ferritin and haemosiderin two very
interesting observations were made on (l) the relative
behaviour of the two materials in the uptake of the
radioactive istone and (2) the apparent correlation
between the distribution of the storage iron already
in the organs and the distribution of 59pe several
months after the injection.
Table 18 presents the percentage of the total
59Fe in the tissues which is found in ferritin at
various times of the injection of the radioactive isotope.
It can be seen that in the early stages of 59Fe uptake
most of the TNHI 59pe was to be found in the ferritin
fractions of all three tissues and there was a rapid
and significant change in the distribution of the 59pQ
within the next 6 days. In the liver the percentage
in the ferritin fraction fell from 93% to 84% during
the 6 days and by 98 days there was a further
significant fall to 71%. In the spleen and kidneys only
67% to 68% of the isotope was to be found in the ferritin
fraction after 24 hours and in the kidney after only
2 hours (results from 3 animals ) les3 than 75% of the
59F8 was in this fraction. By 7 days in both these
organs the percentage as ferritin had fallen to about
Table19.
PercentageofTOT59FeaFerritiniN rmalRatTissues Daysfter%TOT59FeasFerritin 59FeNumberof animalsLiver
Spleen
Kidney
1
2
95
65
59
4
3
97
46
42
10
3
39
41
40
54
43%, a more rapid decrease in value than in the liver.
Between the 35th and 98th days there was a marked
decrease in the percentage from 36% to 18% in the spleen.
In all three organs there was no significant change in
59Fe distribution in the period from the 7th to the
35th day.
Although few animals were examined, the results of
the changes in the 59Fe distribution between the non-haem
iron materials in normal rat tissue (Table 19) indicate
that a similar change was taking place in the spleen
and kidney. As there is practically no haemosiderin
in normal rat liver, approximately 100% of the ^9pe was
found in the ferritin fraction.
This very striking change in 59Fe distribution can
be illustrated even more clearly by calculating the
ratios of the specific activity of haemosiderin iron to
that of ferritin iron. The mean of such ratios for
each tissue in each group of animals are presented
in Table 20a. From Table 14 it was clear that, with
the exception of the spleen at 98 days, there was no
change in the distribution of non-radioactive iron
between ferritin and haerao3iderin in the three organs.
Thus the significant rise (Table 20b) in the ratios
in Table 20a must be due to changes in distribution of the
59Fe within the cell. In the spleen the rise in the
percentage of iron as haemosiderin would in fact tend to
lower the value of R and hence the rise in R could only
have been due to the increased percentage of the total
"We
SignificanceofD fferencesIP(Tabi) P LiverSpleen
Kidney
R1
=R?
0,01>p. 01
p<0.001
p0.001
R1
=r14
p<0.001
p<0.001
p<0.001
R1
=R35
0.01>p01
p<0.001
0.01>p>01
r35
=%8
p-c0.001
p<0.001
nosig.
Table20a.
Ratio( )Spec ficActivityoHaeraosidorinIr ninSid rotT ssues SpecificActivityoFerritinIr n Daysfter 59FeR±S.E. LiverSpleen
Kidney
1
%
0.134£052
0.218£03
0.450£.039
7
R?
0.448±08
0.458£020
1.2.33£0 120
14
R14
0.517£036
0.661£009
1.159£0 27
35
r35
0.425-.017
0.622£057
0.985£.120
98
**98
0.930£09
1.264£0 041
0.990£10
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spleen 59pe as ferritin.
The calculation of the specific activity ratios has
the added advantage that one animal variation which
causes a wide scatter in the values of the specific
activities of ferritin and haemosiderin is eliminated.
This scatter arises because,although every animal received
similar injections of radio-iron9the rate and degree of
uptake by the organs (as can be seen from the standard
errors of the means of the values in Table 15) varied
from rat to rat,
A further very interesting point was seen to be
illustrated by the results in Table 20.
Over a period of time there was a tendency for the
to be distributed in the same manner as the
non-radioactive iron. Thus the ratio of haemosiderin
iron specific activity to ferritin iron specific
activity tended towards unity. The value of the ratio
in the liver rose from 0.134 to 0.93, in the kidney from
0.450 to 0,99 and in the spleen from 0.213 to 1.264.
(This value of 1,264 is significantly different from 1.000),
The fact that in the spleen at 98 days there was more
59Fe in the haeraosiderin than could be expected from
the distribution of the non-radioactive iron could
be explained by either dilution of the ferritin iron with
iron of lower specific activity or to the preferential
deposition of 59Fe as haemosiderin. The latter
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could arise if ^9Pe from the labelled haemoglobin in the
red cells destroyed at 50-60 days after the injection
were deposited directly as haemosiderin id.thout
admixture vdbh ferritin iron. This possibility
could be investigated more fully by studying the change
in distribution of 59Fe between haemosiderin and ferritin
during the 45-65 day period after isotope injection.
i - -i
A superficial examination of the results in
both Tables 19 and 20 considered in conjunction with the
values obtained for the amount of radio-isotope found
in the organs (Table 15) immediately suggested the
possibility that the 59pe absorbed by the tissue cells
from the plasma in the early hours of the investigation
was primarily taken up into ferritin and was then
redistributed within the cell during the following
days.
The apparent rapid uptake of 59pe by ferritin alone
could be explained by the existence of an iron containing
compound with a very high specific activity in the early
stages which was extracted and precipitated along with
the ferritin. However, from the results of the
investigation into the nature of the ferritin fraction as
described on p.30 it wouldjppear that, if any such fraction
does exist, it must be very closely associated with
ferritin. Such an experiment doss not preclude the
TableJl.
PercentageInjectioniF rri i( )andH&emosidoriofSid roticRaT ssues Daysfter 59Fe% LiverSpleen
Kidney
F
H
F
H
F
H
1
9.0
0.7
0.6
0.4
0.5
0.3
7
10.4
2.2
0.4
0.5
0.4
0.5
14
9.6
2.0
0.4
0.8
0.4
0.5
35
8.9
3.0
0.8
1.5
0.3
0.3
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existence of 3uch material but whether it exists or not
does not alter the fact that the ferritin fraction of
rat tissue behaves very differently rom the rest of
the non-haem iron in the tissue in the rate of uptake of
plasma 59Pe.
It was obviously of importance to investigate more
completely the actual changes in the amount of isotoae
present in each fraction and in each tissue. For
this reason the mean percentages of the original
injection found in the two fractions were calculated
and t abulated in Table 21.
The results at 98 days were omitted as between the
35th and 98th day there was a release of 59Fe from the
red cells and it appeared that the metabolic behaviour
of this -^Fe may have been different from that
of the 59Fe from the plasma.
It can be calculated from these values (Table 21)
that there was a significant rise in 59pe in the
haemosiderin between the 1st and 7th day in the liver
from 0,1% to 2*2% (0.02>o>0.05) of the total injection
and in the kidney of 0.3% to 0,5% (0.01>p>G,00l),
Owing to the wide variation in the spleen values in
any one series, the rise from 0.4-% to 0,5% was not
significant. However, a significant rise took place
between the 1st and 14th day to 0.8% (0.02>p>0.0l).
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The most intriguing problem which arose from these
values was the attempt to determine the source of
this haemo3iderin -^Fe. During the investigation
of this question the close interrelation between the
two storage materials became very clear.
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The poaalble sources of haemosiderin iron.
Standard precursor-product studies (Z Iversmit,
Sntenman and Fishier, 1943) cannot be made on these results
because there are too many causes of individual variation
in specific activity, but this does not prevent useful
discussion of the relation between ferritin and
haemosiderin.
There are three possible sources of haemosiderin
iron, namely (1) ferritin, (2) plasma and
(3) haemoglobin. These pre separately discussed below,
(l) The results of histological examination
(Nissira, 1953) and the quantitative analyses of Shoden
et al.(1953) appear to indicate that haemosiderin might
be formed by aggregation of ferritin molecules when
the concentration of the latter rose above the normal
levels. Also consistent with thi3 idea are the results
of electron microscope studies (Farrant, 1954; Kuff
and Dalton, 1957; Richter, 1953; Kerr and Muir, i960)
which illustrate the close structural relationship
of ferritin and haemosiderin.
Supplemented by this evidence, the results of the
present investigation into the distribution of ^Fe between
the two storage materials suggest the possibility that,
in the siderotic rats, the ^Fe entering the tissue
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cell3 was first taken up by the ferritin and that
this was then aggregating to form haemosiderin, thus
bringing about a rise in haeraosiderin radioactivity.
This rise, however, (Table 21) was not accompanied
by a rise in the haemosiderin iron concentration in the
livers and kidneys (Tables 15 and 18). It is thus
clear that the deposition of 59'Fe in haemosiderin must
have been associated with a loss of iron of lower
specific activity. Such a change might result either
from iron exchange (or iron micelle exchange) with
ferritin or from deposition of high specific activity
ferritin iron with simultaneous loss of iron with a
lower specific activity from haemosiderin directly
into the plasma. The iron from haemosiderin is
available for haemoglobin synthesis (Davis and
Arrovsmith, 1950) and hence this latter proposition
is not impossible.
It is very important to note, however, that if the
specific activity of the ferritin iron was extremely
high then a very great increase in haemosiderin radio¬
activity by simple deposition of ferritin iron, with
no exchange or loss of haemosiderin iron could be
associated with no analytically detectable change in
either haemosiddrin or ferritin iron concentrations.
Thus, this problem con only be clarified by consideration
of the actual specific activities of the iron from
the two materials.
Tablo22.
AooroxinateSpec ficctivities*(S.,h...IrinSid rotRatFer itinandPlasm Daysfter 59Fecounts/min./ug. S.A.ironntra sferrinS.A.ironnferritin PlasmaLiver
Spleen
Kidney
F
H
F
H
F
H
1
140
9
1
9
2
40
18
7
16
10
3
6
3
30
34
14
8
9
4
6
4
30
33
35
9
9
4
10
7
15
16
98
11
9
8
16
2.0
14
13
f
* correctedtotalinjectionf10ounts
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Yet a further complication arises from the
possibility that the haemosiderin 59Fe may have come
from a fraction of ferritin which had a specific activity
much higher than that of the rest of the ferritin, a
possibility which would not be detectable by consideration
of the specific activity of the ferritin fraction as a
whole. This seems an unlikely possibility because
Maaur et al.(196Q) have shown that although radioiron
is initially unequally distributed in various ferritin
fractions the inequalities disappear within 24 hours.
Table'22 contains the mean values of the specific
activities of the iron in ferritin and haemosiderin
in the organs of the rats at various time intervals
after the injection of 59Fe and also the specific
activity of the plasma iron at each stage. The
experimental values were co-rected to a total injection
£
of 10 counts. Although the scatter of values for
each fraction was very great this does not affect
the following arguments and conclusions.
Appro>dmately 93% of the 9.7% of the 59j?e
injected which was in the liver at 1 day, was present
as ferritin (Table 21). By 7 days there was 10% of the
injection in ferritin and 2% in the haemosiderin.
If all the haemosiderin 59 pQ came from the ferritin,in
which the specific activity of the iron was of the order
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of 10 c/jzg. during the 1 to 7 day period, it can be
c 1- alated that the rise in iron concentration in the
haemosferin over the 35 day period of the investigation
would have been of the order of 60 mg, iron/lOOg, of
liver, ( This value was calculated assuming an average
liver weight of 10g,) Aoplving a similar argument to
the changes in the kidney, in which there was a rise
in haer.osiderin 59Fe of 0,2$ and the specific activity of
the ferritin iron was approximately 35 c/pg., then the iron
concentration in the haemosiderin fraction of kidneys
weighing 2g. wouldhave been about 30 mg,/l00g, in 35 days.
From Table 12 it is obvious that there was no rise in the
iron concentrations of these tissues and hence
haemosiderin iron exchange must have taken place.
In the case of the spleen consideration of the
relative specific actirities of the iron was eVBn more
important before any proposition could be made
regarding the source of haemosiderin iron, as both
increase in TNHI and haemosiderin iron concentration
accompanied the increase in radioactivity of the
spleen iron.
Between the 1st and 14th day the rise in spleen
haemosiderin counts was approximately 4,500. The
specific activity of spleen ferritin iron was about
7 c/jig., thus, in a spleen weighing lg., the haeao3iderin
iron would have risen by about 180 mg./lOOg, in 35 days,
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if all the 59pa in the haemosiderin arose from ferritin
aggregation or deposition# Such a rate of iron
incorporation did not take place#
That this view of simple deposition of ferritin iron
as haemosiderin, without simultaneous loss of iron
from the haemosiderin, was improbable is further
substantiated by the fact that in 24 hours after the
59Fq injection 0,38% and 0.27% of the injection was
present in spleen and kidney haemosiderin respectively.
Calculations similar to those already described indicate
that this could not have arisen by simple aggregation
of ferritin alone without loss of iron from the
haemosiderin#
(2) As already mentioned there was also the
possibility that the haemosiderin 59Fe came directly
from the plasma (Shoden et al.. 1953) and again it is
necessary to consider the plasma specific activity before
the possibility of the uptake of 59pa "by haemosiderin
without simultaneous loss or exchange of iron can be
eliminated#
It can be calculated from the values in Table 22
that7as the specific activity of the plasm iron over
the 1 to 7 day period was between 200 and 20 c/jig.,
approximately 0.5 to 2#0 mg# iron /l00g. tissue/day would
be taken up by the haemosiderin in the three tissues if
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all the radioactivity in the haemosiderin came from
plasma iron alone. This increase did not take place
in the liver or kidneys. Also, such a rate of iron
incorporation fron the plasma daring the first 24 hours
would have resulted in a concentration of counts in the
haemosiderin fractions of all three organs very much
higher than that actually found.
When considering the probability of ferritin and
haemosiderin iron exchange it was postulated that
haemosiderin may give rise to plasma iron directly, that
is, without first admixture of the iron released with
ferritin. It has also been suggested above that plasma
iron may be deposited directly as haemosiderin. In
other words, there may be a relatively rapid interchange
of plasma and haemosiderin iron. That this is highly
improbable is indicated by the consideration of the
few results from normal animals. In these rats the
total amount of injection in the kidney had not fallen
between the 1st and 10th days. It was found that the
specific activity of the plasma iron was 50 c/pg. and
that of the kidney ferritin about 150 c/jig. at 10 days.
If exchange only had been taking place between haemo¬
siderin and plasma then the concentration of the
isotope would have fallen rapidly. It is not
inconceivable, however, that the great increase in iron
concentration in the organs may have increased the rate
of any plasma - tissue iron exchange •
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(3) The other apparently possible explanation of
the rise in haemosiderin radioactivity was the deposition
of 59pe from haemoglobin released from the random
destruction of circulating red cells: however,
this certainly could not account for very much
of the 59pe in the spleen, because, during the first
24 hours, the spleen haemosiderin took up an amount
of radioactive iron equivalent to that which would
have been released by 3% of the red cells. This,
of course, was impossible unless there had been
preferential destruction of the newly formed
reticulocytes which were very rich in 59Fe. It
appears from the evidence published by Finch et al.(1949)
however, that the circulating young reticulocytes
become red cells which have a normal red cell life span.
INTRACE LLUL A R IRON DISTRIBUTION.
FIGURE 5
PLASMA Fe X"
FERRITIN
IN
Z '1
HAEMOSIDERIN'
* Proved in these experiments.
^ Possible pathways for changes proved to take place.
Possible pathways suggested by other workers
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Conclusion
Considering in detail the three possible sources of
haemosiderin iron, namely ferritin, plasma and haemoglobin
it is obviously not possible to eliminate any one of
these three as physiologically improbable. However, it
appears most likely that the main route is by exchange
of iron between ferritin and haemosiderin. This could
take place by three routes illustrated diagramatically
in Figure 5. These may be -
1. aggregation and dis-a. .rogation
2. iron atom exchange
3. exchange via an hypothetical intermediate
intracellular material ("X")
In the diagram the heavy arrows represent pathways
which are known, from this investigation, to take place.
The dotted arrows represent the suggested metabjlic
routes and the light arrows reactions which have been pro¬
posed by many other workers (Austoni et al.. 194C;
Shoden ot al,.f 1953; Hempton, 1954; Kaldor, 1958} ana
which fit in well with the suggested metabolic picture.
Any combination of these routes might be U3ed and
the detection of any difference between them would
be difficult.
If the aggregation - disaggregation were to take
place then haemosiderin could possibly be regarded as a
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form of ferritin in which the iron content was so
high that any protein properties were Basked. It is
known that both ferritin (Mazur, Litt and Shorr,L950) and
haemosiderin (Ludewig, 1957) contain variable amounts
of iron and can be separated by differential high
speed centrifugation into a series of materials in which
that fraction with the highest specific gravity
contains the most iron. Mazur, Green and Carleton (i960)
studied the distribution of ^Fe from labelled transferrin
between the different ferritin fractions on rat liver.
It was clear from their results that the radioactive
i30tope was only gradually incorporated into the
ferritin fraction which had the highest iron concentration.
It would be very interesting to knoiv if it was permiss¬
ible to make a comparison between such results and those
of the present work in which the isotope was only
gradually incorporated into the iron-rich haemosiden. n.
If this diagrammatic representation of the
possible routes of iron exchange is correct then a
certain degree of correlation might be expected
between the specific activities of the ferritin and
haemosiderin iron within each group of animals and
also between the plasma and ferritin iron during the
first few hours. The very wide scatter of iron
specific activity values in each group of rats permits
investigation of this probable relationship. Table 23a
Regression Coefficients (b) for Dependence of
3A iiaeraosiderin Iron on 3A Ferritin Iron
Tissue Days after b £ s.E.
59Fe (no, observations)
Kidney 1 0.344 £ 0.090 (10)
7 0.747 t 0.173 (11)
14 1.067 £ 0.107 (12)
35 0.382 £ 0.385 09)
Spleen 7 0.329 - 0.063 (11)
14 0.432 £ 0.158 (12)
35 0.533 £ 0.164 (11)
Tablej^b
Regression Coefficients (b) for Dependence of
SA Ferritin Iron on 3A Plasaa Iron at J- DftY
Tissue b £ S.E.
(no. observations)
Liver
Spleen
Kidney
0.0303 £ 0.0107 (8)
0.0468 £ 0.0049 (9)
0.321 £ 0.086 (8)
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shows that there was in the kidney at all intervals
and in the spleen after 7, 14 and 35 days a highly
significant dependence of the specific activity of
haemosiderin iron on that of ferritin iron. There
wa3 no correlation in the liver. Also, after
24 hours in all three organs there was a significant
correlation between the specific activities of the
plasma and ferritin iron (Table 23b).
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Iron concentration mid the uptake of 59Fe
Although the primary aim of these experiments was to
study the relative behaviour of ferritin and haemosiderin
it appeared to be of some interest to determine the
eiYect of the amount and concentration of iron originally
in the organs on the degree of uptake of for the
following reason.
Several years ago it became fashionable to
investigate iron metabolism by adminiutering^Fe to
human patients and observing the behaviour of scintillation
counters aimed at selected areas on the surface of the
body (Elmlinger, Hu f, Tobias and Lawrence, 1953;
Ladlie and Baxter, 1954; Fabi, Stroebel and Oven, 1956),
Attempts were then made to interpret the results in
terms of red cell manufacture or destruction in the
organs lying beneath the selected areas, Ko account
was taken of the possible influence of wide variations
in stored iron in tho distribution of a tracer dose.
Such an effect has been shown to occur in mice (Hampton,
1954). In normal mice the amount of intravenously
injected radioiron which appeared in the ferritin
fraction of the liver after 4 days seemed to be
determined by the initial size of that fraction. The
relationship was direct.
From the results of the present work the
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relationship between the total number of counts taken
up by the ferritin in each organ at 1 or 7 days and the
total ferritin iron was not significant. Neither was
there any relationship between the TNHI counts and the
total iron in the ferritin fractions. However, the
siderotic tissues did take up more 59 than the normal
tissues as can bo seen from the values in Tables 16 and
r7, .
In order to study this problem in a more
satisfactory manner it would be preferable to investigate
the distribution in animals with a more scattered range
of tissue iron concentrations between normal and
siderotic levels.
CONCLUSION
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CONCLUSION
The relation between the two iron storage substances,
ferritin and haemosiderin, is interesting from both
chemical and physiological points of view. The
chemical relation is a matter of controversy and is
likely to remain so until further consideration i3
given to the isolation and study of these substances.
Fortunately, the very striking difference in solubility
permits investigation of their physiological behaviour
even although the chemical problems are not solved.
Such behaviour has three aspects: the formation of the
substancejj their interrelation and their utilisation.
The work described here has not touched on this
last point, but the techniques developed could be very
easily adapted and applied to such a study. The
method adopted, for the elimination of haemoglobin
interference in studies of storage iron is attractively
simple and the technique for precipitating and plating
out radioiron i3 suitable for use with such minute
quantities of both iron and radioactivity that it
nay well be of quite general value.
The formation of ferritin and haemosiderin in
liver, spleen and kidney has been studied in this work
from two points of view: (l) the relative amounts found
in these organs at various times after single
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subcutaneous injections of 100 mg. iron as iron-dextran
complex; (2) the degree of incorporation of tracer
amounts of 59Pe into the two materials in each organ.
The rise in iron concentration in the tissues after
Injection of the iron dextran complex (Imferon)
resulted in an increased synthesis of both ferritin and
haemosiderin in all three organs in such a way that
in spleen and kidney there was no change in the
relative amounts of the two storage compounds. In the
liver, although there was a decrease in the percentage
of the TNHI found in the ferritin fraction when the
TNiil concentration rose above normal, there was no
indication that a limit of storage of iron as ferritin
had been reached.
The results of the radioactive investigation showed
that in all these organs ferritin incorporated 59pa
from the plasma at a rate very much greater than that of
haemosiderin in the period immediately following the
injection. During the following weeks, however, the
haeraosiderin gradually incorporated the radioactive
isotone and after 14 weeks the isotope appeared to be
distributed in practicably the same manner as the non¬
radioactive iron.
By studying the actual amount of the isotope in
ferritin and haemosiderin it was possible to formulate
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the possible physiological interrelationship of the two
materials. The changes in iron concentration and
isotope distribution were only compatible with the idea
that the iron is exchanged between haemosiderin and either
plasma or ferritin or both simultaneously. The
results, however, show quite clearly that any iron
exchange between haemosiderin and plasma directly
must be at a very much slower rate than that of the
plasma and ferritin exchange.
Whether or not the exchange between ferritin and
haemosiderin takes place by aggregation-disaggregation
of ferritin iron micelles or by atomic exchange it is
impossible to say but electron-microscopic similarity
of the two materials (Richter, 1953) suggests that the
former is the more likely.
Although there is obviously a very close relationship
between ferritin and haemosiderin their different
behaviour in the uptake of ^Fe from plasma suggests
that it is incorrect to consider the two substances as
physiologically indistinguishable.
Before any further interpretation is made of the
results of the present investigation it would be of
interest to investigate the following points.
1. The behaviour of haemosiderin and ferritin in
normal rat kidney and spleen and in the organs of
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animals in which v/idely differing degrees of siderosis
have been induced#
2. The relative behaviour of the different
fractions of both ferritin and haemosiderin after
separation by differential, high-speed eentrifugation,
3* The possibility that haemosiderin is simply
ferritin with an iron content so high that protein
properties are masked completely.
When such work has been completed then the problem
of whether or not ferritin and haemosiderin ought to
be considered a3 two distinct entities may be nearer
solution.
APPIXl/IX (i)
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Appondfcc (?.)
fcaaSLgafclaa g£ Bsagga&a
a. Purification of 'Analar* Glacial Acatic Acid
'Analtsr' glacial acsfcic acid was distilled over
2-2^-dipyridyl and then redistilled. In this way
practically all the iron is removed from the acid.
b. .Purification of 'Analar' Ammonium Sulphate
'Analar' ammonium sulphate contains variable amounts
of iron. Several methods, of which the following
v/as the most satisfactory, were used for removing
this iron.
Saturated a monium sulphate solution (200ml.)
was hot-filtered and heated to boiling with 5ml. N
sulphuric acid, 2ml. 1% o-phenanthroline in isopropanol
and 1ml, 1.5 M sodium sulphite. After cooling, the
pink-coloured solution v/as extracted with two 40ml.
volumes of 85:15, isopropanol: water. After the
addition of 1ml. 1% O-phenanthroline, the solution
was left to stand for 30 minutes before extraction with
40ml. isopropanol: water. This extraction v/as repeated
until the extracts were colourless and then once more.
The solution was then boiled for 15 minutes and 1ml.
concentrated ammonia solution added. The excess
ammonia was removed by boiling and the purified
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ammonium sulphate solution left in the refrigerator
until chilled and until ammonium sulphate crystals
formed.
APPIfU-lX (ii)
T§hl§_l.
EffectofTimenPrecipitationbyAm o iumSul hate
Tinelefttop . with(,11114)0804
No^alLiver THHI
mer.iron/100??,tissue
Sideroticpleen FerritinIrop
iarj.iron/100fr.tissue
hn
2
17.3
188
4
17.7
193
8
17.8
189
24
17.2
185
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Appendix (ii)
Investigation of Analytical Propedurep
a. Effect of time on precipitation by ammonium
sulphate of TiiHI and ferritin iron.
The diluted mince of liver from a normal rat was
analysed for TNHI a3 on p. 21 except that the tube3,
after addition of ammonium sulphate, were allowed
to stand in the refrigator for 2, 4, 8 or 24 hours
before extraction. In a similar way the spleen
of a rat after iron loading was analysed for ferritin iron,
the tubes being left for the same intervals.
The results (Table I.) show that there was no rise
in the concentration of iron-containing material
after 2 hours.
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b• Effect of time on tho perchloric acid extraction
of iron frora TKHI fraction of liver.
The ammonium sulphate precipitates, formed during
the analysis for TNHI in 4 rat livers, were extracted with
20% perchloric acid for 10, 20, 40 or 60 minutes.
Two rats had previously been loaded with iron end two
were normal adult males.
The results (Table II) show that there was no
significant rise in iron coxxcentration after 20 minutes.
Difficulty is experienced at longer time intervals
as the extraction mixture turns very dark brown and,
at low iron concentrations, makes the iron determination
of doubtful value.
Table II.
Effect of time on Perchloric acid extraction of Iron
Time of
Add arent Iron Concentration (ma:, iron/100 fit.)
Liver 1 Liver 2 Liver 3 Liver 4
Extraction
Mln
10 16,3 17,7 166 124
20 17.2 17,8 168 145
40 18.4 17.9 168 142
60 13.4 18.6 170 144
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c. Effect of perchloric acid concentration on the
degree of iron extraction from THHI fraction of tissues
Above 20% perchloric acid blanks are very
dark brown. As there appears to be little increase
in iron concentration when higher concentrations of
acid ware used (Table III) and as the comparison of
the results using this extraction technique with
those described on p. 26 indicated that practically
100$ of the iron present is extracted, 20% perchloric
acid for 20 minutes wa3 used in all analyses.
Table, III
Effect of Concentration of Perchloric Acid
on Extraction of Iron
concentration of HCLOa TNHI cone .ntration
% mg./lOOg.
20 13.0
40 13.4
60 13.4
APFESuIX (iii)
so
Appendix [&%)
The Nature of the Ferritin Fraction
1. An adult male rat received 10 pc 59pQ by-
subcutaneous injection.
2. The rat was killed after 16 hours and liver
removed, frozen and chopped finely.
3. 4 g. minced liver and 16 ml. water were heat-
coagulated at 80°G, centrifuged for 30 minutes and
supernatant fluid removed,
4. Two 0.5 ml. portions supernatant fluid were
analysed for ferritin iron and its specific activity
by the usual methods (p. 35 ).
5. To 2 ml, supernatant fluid were added 2 ml.
saturated ammonium sulphate and the precipitate centrifuged
down after 2 hours. •
This precipitate x>ras mixed with 2 ml. water (or
veronal buffer, 0.055 M pH 8.6) and the insoluble
residue centrifuged down and discarded.
10 ing. cadmium 3ulphate were added to the solution
{0*5% cadmium sulphate) and the tube left overnight.
The tube was centrifuged, the supernatant fluid
discarded and the brown precipitate extracted with 0.3 ml,
1.5 M sodium sulphite and 2 ml. 0,05% dipyridyl in
6% acetic acid for 1 hour in a boiling water bath. The
specific activity of the iron in this extract was deter¬
mined as before.
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6, To 5 ml, supernatant fluid were added 5 ml,
saturated ammonium sulphate and the resulting ferritin--
rich fraction dissolved as completely as possible in about
0,3 ml, veronal buffer.
Two 0,02 ml, aliquots were heated for 1 hour in
a boiling water bath with 0,5 ml, 1,5 M sodium sulphite
and 5 ml, 0.05# dipyridyl in 6# acetic acid. The
specific activity of this iron was determined.
Another 0,02 ml# aliquot was subjected to electro¬
phoresis on a 12 cm, wide strip of paper (Whatman 3 NM.)
which had been washed free from iron with hydrochloric
acid.
Conditions of Electrophoresis
Duffer veronal, 0,055 M, pH 8,6
Voltage 500 v
Amperage 10 a p.
Time 6 hours
The paper was then removed, dried and 1 cm, broad
strips cut from it. The ferritin ran in a 1-1,5 cm,
wide band about 5 cm, from the origin. One strip
was cut before the origin and 6 in f ront of the origin.
Each strip was extracted for 1.5 hours with 0.5 ml,
♦
1*5 M sodium sulphite and 7 ml, 0.05# dipyridyl in
6# acetic acid in a boiling water bath.
82
The specific activity of the iron in each strip
was determined.
This experiment was carried out twice and the
results presented in Table 8, are discussed on p.31,
AirTf:iWl>. (iv)
33
Appendix (jyv)
Uptake of iron from .ferrous ascorbate and ferric citrate
ipjee^o:;?
It was desirable that addition <£ 59Fe to the
circulating plasma did not raise the plasma iron
concentration above normal. The 59pe originally
available had a specific activity of approximately
1 mo./rag. iron# As 3 jic. were sufficient to give
suitable concentrations in the tissues for radioactive
analysis, only 3 jig# of iron had to be injected,
'As the isotope solution supplied was at pH 1 the
solution was buffered to about pH 7 and the iron
converted to either the ascorbate or citrate# It
was thought that In these forms the iron would be more
readily utilised and there would be less chance of
precipitation of ferric hydrox3.de and loss of 59p0 on
the glassware.
Two groups of 6 rats, weighing between 112 g. and 151
g., were treated in the following manner#
The animals in one group each received 2 jic,
59Fq as ferrous ascorbate# The injection mixture was
prepared by mixing 0.1ml. -^'Fe ferric chloride, 0.2ml#
2% ferrous sulphate solution, 75 rag. ascorbic acid,
MMJL
Betoteii??ImifPto sskite,>vti.cife afca k.o£la toooInjectedF uninEatTissues AseorbataItaction
CitrateInjection
Davsfter
Injection
Da73fterInjec ion
Tissue
1
d
10d
1d
10d
xqiui&rats
oldrats
vauntr ta
oldrats
y-uii'trata
oldrats
vqu&trats
oldrata
e>
%
ft"
&
>
%
*
%
%
ceils
15*5
20.3
33.7
41.8
24.0
13.3
46.1
48.3
plasma
0.3
0.4
0.1
0.1
0.4
0.6
0.1
0.1
liver
4*5
4.3
2.4
6.1
7.4
10.3
4.5
12.4
spleen
0.5
0.5
0.3
0.6
0.5
0.9
0.3
0.4
kidneys
0.5
1.1
0.3
1.3
1.1
1.8
0.9
1.9
Total
21.3
26.6
36.3
49.9
33.4
31.9
51.9
63.1
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0.36ml. saturated sodium bicarbonate and 0.95ml. water.
Small volumes (0.1ml.) of this solution were injected
into each animal.
Every animal in the second group received 2 jic.
59Fe in 0.1ml. 59Fe ferric citrate. This was prepared
by mixing 0.1ml. 59Fe ferric chloride, 0.2 ml. 2%
ferrous sulphate solution and 1.2ml. 1% sodium citrate
solution.
The injections were given subcutaneously as
intravenous injections are difficult in adult rats and
intraperitoneal injection may result in a partial
injection into the intestine by mistake.
Three rats from each group were killed after 1 day
and three after 10 days. The livers, spleens,
kidneys, blood and plasma were analysed.
The experiment was repeated on a group of older
rat3 weighing between 264 g. and 367 g.
The results of both experiments are tabulated in
Table V.
More 59Fe waa taken up by the tissues analysed
from the radioactive isotope injected when it was in the
form of the citrate.
At this time a preparation of high specific
activity (2-10 mc./mg.) ferric (59Fe)citrate in sterile
saline solution at pH 7.6 became available from Amer3ham
Radiochemical Centre and hence this material was used
throughout later experiments.
AFF£aii--lI (v)
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Appeqdix (v)
Loss of 59Fq Injection in Urine and Faeooa of Rats
The loss of injected radioactive Isotope in the faece3
and urine of two adult male rats was measured in the
following way.
The rats were kept in individual desiccators(with
wire platforms inside)and the faeces and urine collected
over a period of 22 days after the subcutaneous injection
of 15 jic. of 59Fq citrate. The radioactivity of the
faeces and urine was determined using the methods
described below.
After filtration and after the addition of 5 Jig.
iron (ferrous sulphate) as carrier, 2,5ml. urine were
treated in the 3ame way as plasma (p. $.6 ) to form
the iron dipyridyl complex. The radioactivity of
this iron complex was then determined.
The faeces were homogenised with ten times their
weight of distilled water and lml. of these horaogenates
extracted with 2ml. 60% perchloric acid for 60
minutes. Aliquots (about 0,2ml.) vrere then assayed
for radioiron.
As the determination of urinary and faecal radioiron
was only carried out during this preliminary experiment,
EXCRETIONOF59FcBYRA S.
FIGURE1
Cumulativetotalexcretion)
Vaveragefrom2rate.
Cumulativefaecalexcret ono-•J Daysfterinjection.
I
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extensive investigations wore not made to determine
the efficiency or reliability of these techniques
adopted. However, they appeared to be sufficiently
accurate for the purpose of this investigation.
The results of the cumulative loss of 59Fe in urine
and faeces (Figure I) show that most of the 59fq lost
by these routes was excreted during the first week and
that,although half of the 59Fe lost during the first
24 hours was in the urine, thereafter, very little
indeed was lost this way.
These results are in agreement with those of
Laraorton, Belcher and Harriss (1956) who also found
that 1% of the dose was lost in the faeces each day
immediately following the injection but after 7 to 10
days only 0.1% x/ao lost per day.
It wa3 decided from these results that it was
unnecessary for the present purpose to analyse the urine
and faeces from the animals U3ed in experiments described
on pp. 41 and 42.
APFEMUX (vi)
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Appendix
Determination of Girculatinr; Red Gsll Volume in the Rat
In order to investigate the utilisation of the
isotope by the rat for haemoglobin 3y thesis it was
essential to know the volumes of the circulating red
cells in the animals. From the results of other
workers reviewed by Belcher and Harri3S (1957) it
appears that one cannob assume direct proportionality
between blood volume and body weight. There is ,
however, very little change in the values of circulating
red cell volume per 100 g. rat weight over a wide
range of rat weights (Garcia, 1957). It was
decided, therefore, that, as it proved unsatisfactory
to measure the red cell volume in each rat before
it was killed, a sufficiently accurate value for this
could be calculated using a predetermined value for
the red cell volume per 100 g. rat weight.
The circulating red cell volumes were determined
by using ^Fe labelled red eells in the following way.
A donor rat weighing about 200 g. was given 50 )ic.
59Fe, as ferric citrate, subcutaneously and killed
10 days later. The blood was removed into heparin
by heart puncture. The haematocrit of this blood was
measured* A lml, syringe was filled with blood,
SiMaJO.
RedC llVoluneinFlats
RatWeight g.
Redcellvolume mi./lOOf?.bodyueisht
Investigators
130-320
2.16
Berlint$1.(1949)
260-360
2.32
Shsroeetal.(1950)
204-253
2.15
^yers(1952)
199-211
2.34
ContODOulosetal.(1954)
375
2.19
Thiswork
340
2.15
II
360
2.24
ft
202
2.10
ft
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weighed and approximately 0,2 g. portions injected
accurately into the exposed Saphenous vein of a rat
under ether anaesthesia. Four minutes later the
chest cavity was opened and blood removed from the
heart, Aliquots (0.1ml.) were assayed for radio¬
activity and the haerartocrit determined. The
circulating red cell volume was calculated assuming
that 4% of the packed red cell volume was plasma
(Huang and Bcndurant, 19*36).
The experiment was carried out four times in all
and the average result of these ibir determinations
agrees well with those made by other workers using
a similar technique (Table VI). Thus, as it was
not possible to carry out this estimation on the
experimental rat3 which had already been injected
with 59pe?the value of 2.2ml,/l00 g. body weight was
used in the calculation of the red cell volume in
these rats.
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